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Blalock-Taussig (BT) shunts are used for defects that affect the flow of blood from the right 
ventricle, through the pulmonary artery, and to the lungs. Arteriovenous (AV) fistula is one type of 
vascular access which is a surgically created vein used to remove and return blood during 
hemodialysis. Plastic grafts used in the above two reconstructions may result in areas of non-
physiologic flow in the grafts leading to risk of stenosis (blocked area) and thrombosis, which is the 
single major cause for access morbidity. The focus of this thesis is to study BT shunts and 
anastomoses models using Computational Fluid Dynamics (CFD) and optimize their shapes to 
reduce the possibility of the formation of stenosis. A single-objective genetic algorithm (SOGA) is 
employed to optimize the curvature distributions of grafts to minimize the maximum wall shear 
stress (WSS). The commercially available software ANSYS Fluent is used to calculate the flow field. 
The mesh is generated by the commercial mesh generating software ICEM CFD. The flow field is 
calculated using the Navier-Stokes equations in conjunction with a three-equation transitional k-kl-ω 
turbulence model. The process is continued for a number of generations until the minimum value of 
maximum WSS converges. The results show significant improvement in reducing the maximum 
WSS of the optimized BT shunt and anastomoses compared to the original shapes.       slj
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  Introduction Chapter 1
 
1.1 Overview 
1.1.1 Blalock-Taussig (BT) Shunt   
 
Blalock-Taussig (BT) shunts are used for defects that affect the flow of blood from the right 
ventricle, through the pulmonary artery, and to the lungs. These include pulmonary atresia, 
pulmonary stenosis, and tricuspid atresia [1]. The BT shunt is a palliative procedure. It does not 
correct the defect, but it helps to resolve symptoms until the child becomes older and/or the defect 
itself can be repaired. It is also named the blue baby operation. 
 
A typical BT shunt used in practice is a small tube made out of synthetic material called Gore-Tex. 
The BT shunt is about 3 to 3.5 cm in diameter. It attaches a section of the aorta to the pulmonary 
artery, creating a sort of detour. This allows enough blood to pass through the lungs and pick up 
more oxygen. The shunt relieves any cyanosis or blueness the child might have been experiencing. 
This is a closed-heart procedure. 
 
The BT shunt mimics the role of the ductus arteriosus. It is often put in place after the ductus closes 
naturally. BT Shunt is usually used for four to five-month old child, until the child outgrows them 
and a second operation or definitive repair is needed. An illustration of typical BT shunt is shown in 
Figure 1.1. 
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Figure 1.1 An Illustration of BT Shunt [2] 
1.1.2 Anastomotic Geometry for Vascular Access Fistula 
 
Arteriovenous (AV) fistula is a connection between an artery and a vein. Arteries carry blood from 
the heart to the body, while veins carry blood from the body back to the heart. The surgeon usually 
places an AV fistula in the forearm or upper arm. An AV fistula causes extra pressure and extra 
blood to flow into the vein, making it grow large and strong. The larger vein provides easy, reliable 
access to blood vessels. Without this kind of access, regular hemodialysis sessions would not be 
possible. Untreated veins cannot withstand repeated needle insertions. They would collapse the way 
a straw collapses under strong suction. 
 
AV fistula is a vital part in the hemodialysis treatments for kidney failure. It frequently requires 2 to 
3 months to develop, or mature, before the patient can use it for hemodialysis. If an AV fistula fails 
to mature after surgery, a surgeon must repeat the procedure. An illustration of a typical AV fistula 
is shown in Figure 1.2. 
3 
 
 
Figure 1.2 An Illustration of AV Fistula [2] 
1.1.3 Motivation 
 
Reconstructions of cardio and vascular access are vital to certain patients. In recent years, the need 
to improve the performance of BT shunts and AV fistulas has raised worldwide attention.  Although 
great improvements have been achieved by developing new materials, the importance of shape 
optimization of shunts/fistulas is often neglected. This dissertation focuses on the shape 
optimization of BT shunts and AV fistulas to reduce the possibility of formation of stenosis and 
thus to decrease the mortification rate. The optimization target is the minimization of the maximum 
wall shear stress (WSS) on shunts/fistulas walls. The optimal curvature distributions of the 
centerlines are achieved by employing a single-objective genetic algorithm. Detailed properties of the 
flow filed are obtained from commercially available CFD software ANSYS Fluent.  
1.2 Brief Review of Literature 
 
Complex congenital heart disease often requires surgical repair in the neonatal period, and shunts are 
centrally important for these operations [3]. The Blalock–Taussig (BT) shunt is a surgical procedure 
used to increase pulmonary blood flow for palliation in duct dependent cyanotic heart defects like 
pulmonary atresia, which are common causes of blue baby syndrome. The current procedure used in 
clinical practice is no longer the same as its original form. Now a length of artificial tubing, 3 to 4 
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millimeters in diameter, is sewn between either the subclavian or the carotid artery and the 
corresponding side branch of the pulmonary artery, thus obviating the need to cut off blood supply 
and making it easier to regulate the blood flow to the lungs [4]. 
 
Unfortunately, there are no endothelialized conduits available for this reconstruction, and plastic 
vascular grafts must be used which result in areas of non-physiologic flow in the grafts leading to 
risk of stenosis (blocked area) and thrombosis. The complication rate for plastic shunt conduits is 
high and the impact is dramatic. The mortality rate for patients after a modified BT shunt is 5-19% 
with shunt thrombosis thought to be a leading cause of the mortality [5]. Pilot experimental work 
has demonstrated that umbilical vein segments may be viable in culture for up to two weeks with 
retention of mechanical strength.  
 
When blood passes through the BT shunt, shear stress occurs on the shunt wall. In a 1991 paper, 
Malek, Alper and Izumo found that Wall-Shear-Stress (WSS) higher than 10 to 70 dynes/cm2 may 
provoke endothelial cells cleavage and “high-shear” induced thrombosis [6], which will increase the 
formation of stenosis (blocked area) in BT shunt. If the WSS remains consistently large, stenosis is 
likely to be generated in the shunt, which will lead to the malfunction of the BT shunt.  
 
Arteriovenous (AV) fistula is a connection from an artery to a vein. It is a vital part in the 
hemodialysis treatments for kidney failure. AV fistula is generally placed in the forearm or upper arm 
[7]. It carries extra blood from heart to the vein and thus increases the blood pressure [8]. Forearm 
AV fistulas are usually hampered by non-maturation in up to 50% while upper arm AV fistulas are 
damaged by long-term complications like distal ischemia or cardiac failure in approximately 20% [9, 
10, 11]. 
 
Since the beginning of 2003 to May 2009, the percentage of hemodialysis patients in the US with AV 
fistula as their primary vascular access increased from 32.4% to 52.6% [12]. Because of several 
advantages of AV fistula such as it provides good blood flow for dialysis and is durable [8], more 
and more physicians recommend an AV fistula over other types of access in clinical practice. 
 
When blood passes through an AV fistula, shear stress occurs on the fistula wall. Oscillatory large 
values of wall shear stress (WSS) are surmised to be the key hemodynamic factor for formation of 
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stenosis (blocked area) in AV fistula. If the WSS constantly remains large, stenosis is likely to be 
formed in the vessel, which will lead to the malfunction/failure of the AV fistula. Previous work of 
Hoganson et al. [13] shows the validation of CFD technology for computing the flow field of AV 
fistula stenosis by comparing it with experiments using color duplex Doppler Ultrasound (CDDUS). 
The paper by Hull et al. [14] provides the CFD evaluation of the side- to- side anastomosis of AV 
fistula. 
1.3 Scope of the Thesis 
 
The thesis addresses two problems in biomedical shape optimization with two different applications. 
The first problem emphasizes the shape optimization of BT shunts and the second problem 
addresses the shape optimization of anastomotic geometry for vascular access fistula. In order to 
best represent the characterization of blood flow from heart through the BT shunts and AV fistulas, 
the density of 1030 kg/m3 and viscosity of 0.00255 kg/ms for blood are chosen in the simulations. 
The fluid is assumed to be Newtonian. A single-objective genetic algorithm is employed in the 
optimization process and a k-kl-ω turbulence model is employed in all the cases. The flow field is 
computed using the commercial CFD software ANSYS Fluent. Geometries are created using CREO 
Parametric. Grid inside the geometries is generated by the mesh generation package ICEM CFD. 
CREO Parametric is part of PTC software. Both ANSYS Fluent and ICEM CFD are part of 
ANSYS software. 
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Chapter 2  Methodology 
 
2.1 Overview 
 
This dissertation is dedicated to developing the optimization systems in the mechanical design fields. 
Contributions are made especially to the biomedical industry, including BT shunts optimization and 
AV fistulas optimization. The optimization systems are constructed based on evolutionary 
algorithms. A single-objective genetic algorithm is employed. 
 
The optimization systems employed in this dissertation have successfully integrated the optimization 
algorithms with both numerical and analytical simulation methodologies, which are capable of 
evaluating the objectives of each individual design candidate generated during the optimization. 
Figure 2.1 shows a schematic of the design system. It illustrates how the optimization algorithms 
interface with the external simulation methods. 
 
Figure 2.1 Illustration of Information Flow in Optimization Process 
 
For the shape optimization problems of BT shunts and AV fistulas, an individual is represented by 
an appropriate geometry data file, which is passed on to the pre-processing programs CREO 
Parametric (formerly Pro/Engineer) and ICEM CFD [15]. CREO Parametric is used to generate the 
3D geometries of the BT shunts and AV fistulas; ICEM CFD is used to create the mesh; it creates a 
three dimensional structured or unstructured mesh which is then passed on as input to the CFD 
flow solver ANSYS Fluent for computation of the flow field. ANSYS Fluent is used to solve for the 
maximum WSS and flow rates. The maximum value of WSS is taken as the quantity of interest to 
determine the fitness of the shunts/fistulas. The algorithm shown in Figure 2.2 continues until the 
convergence in the objective value is achieved. 
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Figure 2.2 Illustration of Information Flow in Optimization Process 
 
2.2 Genetic Algorithm based Optimization Method 
2.2.1 Overview 
 
The traditional optimization algorithms are not adequate to solve the BT shunt/AV fistula shape 
optimization problems considered in this dissertation. The traditional approaches rely on real 
functions to compute the objective values, which can get stuck in local optima so that it becomes 
difficult to obtain the global optimization solutions. Besides, the traditional methods also have 
difficulties in handling large number of parameters. The optimization problems considered in this 
dissertation require CFD software to evaluate the objective values such as maximum wall shear 
stress and also give details of flow filed. Therefore, we don't use the traditional optimization 
algorithms in the dissertation. 
 
We employ a Genetic Algorithm as the optimization technique for solving the optimization 
problems considered in this dissertation. Genetic algorithms are a class of evolutionary algorithms 
which generate solutions to optimization problems in a wide range of applications including 
bioinformatics, phylogenetics, computational science and engineering, economics, chemistry, 
manufacturing, mathematics, physics, pharmacometrics, etc. 
 
Genetic algorithms mimic the natural evolution process by using techniques such as inheritance, 
selection, crossover, and mutation. Each process function is the realization of one evolution process. 
Figure 2.3 is an illustration of the general iteration process involved in using GA for obtaining an 
optimized solution. Every generation contains a number of solutions (x) whose performances are 
evaluated. Those with better performance are selected through natural selection. They are chosen as 
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the parent (solutions) to create children (solutions) through crossover. Mutation mimics the natural 
genetic mutation in order to add diversity to the solution set, thus preventing the local optimization. 
Thus, a new group of solution set is created which goes to the next generation. This procedure 
continues until convergence to a solution with optimal objective value is achieved. This solution is 
the optimized solution to the problem under consideration. 
 
 
Figure 2.3 An Illustration of the General Iteration Process Using GA for Achieving the Optimized Solution 
 
2.2.2 Single-Objective Genetic Algorithm (SOGA) 
 
Genetic algorithms are a class of  stochastic optimization algorithms inspired by the biological 
evolution. SOGA is the most commonly applied GA. In SOGA, a set or generation of  input vectors, 
called individuals, is iterated over, successively combining traits (aspects) of  the best individuals until 
a convergence is achieved.   In general, GA employs the following steps [16]. 
 
1.  Initialization: Randomly create k individuals. Each individual (x) is chromosome with 
n alleles as illustrated in Figure 2.4. Each individual (x) mimics one single creature in a biological 
group. 
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Figure 2.4 Illustration of k Individuals in the Initial Generation 
 
2. Evaluation: Evaluate the fitness of  each individual. 
 
3.  Natural selection: Sort individuals in order of  decreasing fitness and remove a subset 
of  the individuals.  Often the individuals that have the lowest fitness are removed; although culling, 
the removing of  those individuals with similar fitness, is sometimes performed. This step mimics the 
natural selection process in the biological world shown in Figure 2.5. The left of  the vertical line are 
called survivors and go to the next steps. 
 
4.  Reproduction: Pick pairs of  individuals from the survivors from the last step as 
parents to produce an offspring. This is often done by roulette wheel sampling; that is, the 
probability of  selecting some individual hi for reproduction is given by: 
𝑃[ℎ𝑖] = 𝑓𝑖𝑓𝑓𝑓𝑓𝑓(ℎ𝑖)∑ 𝑓𝑖𝑓𝑓𝑓𝑓𝑓(ℎ𝑖)𝑗                                                      (2-1) 
A crossover function is then performed to produce the offspring. Generally, crossover is 
implemented by choosing a crossover point on each individual and swapping alleles – or vector 
elements – at this point as illustrated in Figure 2.5. This procedure stops when the total number of  
survivors and offspring equals the number of  individuals of  the initial generation (𝑘). 
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Figure 2.5 Illustration of the General Crossover Function in GA 
 
5.  Mutation: Randomly alter some small percentage of  the population. This is 
analogous to biological mutation. The purpose is to maintain genetic diversity and prevent local 
optima. 
 
6.  Check for Convergence: If  the solution has converged, return the best individual 
observed. If  the solution has not yet converged, label the new generation as the current generation 
and go to step 2. Convergence is often defined by a certain number of  generations or a similarity 
threshold. 
 
2.3 Computational Fluid Dynamics 
2.3.1 Overview 
 
CFD is the abbreviation for Computational Fluid Dynamics. It is a branch of fluid mechanics that 
uses numerical methods and algorithms to solve the governing equations of fluid flow and provide 
useful information for analysis and design of systems involving fluid flow. CFD based analysis 
requires computers to perform the calculations. The main advantage of CFD is that it can be used to 
solve very complex fluid flow problems. 
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The CFD analysis procedures are generally divided into three steps: pre-processing, simulation and 
post-processing. During the preprocessing, the geometry of the problem is defined and the volume 
occupied by the fluid is divided into discrete cells known as the mesh. The simulation step involves 
discretizing the governing equations on the mesh generated in the first step by employing a suitable 
numerical algorithm. The discretized equations are then solved on a computer and the values of the 
flow variables are obtained at the mesh points. In the final post-processing step, the simulation data 
is analyzed, visualized and used for production improvement and design. 
2.3.2 Governing Equations 
 
The governing equations of fluid flow are partial differential equations that describe the 
conservation of mass, momentum and energy. These equations can be written as: 
 Continuity equation: 
∂𝜌
∂t
+ 𝜕
𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0                                                        (2-2) 
 Momentum equation: 
𝜕
𝜕𝑓
(𝜌𝑢𝑖) + 𝜕𝜕𝑥𝑖 �𝜌𝑢𝑖𝑢𝑗� = − ∂𝑝∂𝑥𝑖 + 𝜕𝜏𝑖𝑗𝜕𝑥𝑖                                          (2-3) 
 Energy equation: 
𝜕
𝜕𝑓
�𝜌 �ℎ + 1
2
𝑢𝑖
2�� + 𝜕
𝜕𝑥𝑖
�𝜌𝑢𝑗 �ℎ +  12 𝑢𝑖2�� =  ∂𝑝∂t + ∂∂𝑥𝑗 �𝑢𝑖𝜏𝑖𝑗 + 𝜆 𝜕𝜕𝜕𝑥𝑗�           (2-4) 
where the stress tensor  𝜏𝑖𝑗 and enthalpy ℎ are expressed in the following manner: 
𝜏𝑖𝑗 =  µ �𝜕𝑢𝑖𝜕𝑥𝑗 + 𝜕𝑢𝑗𝜕𝑥𝑖� − 23 µ 𝜕𝑢𝑖𝜕𝑥𝑖  𝛿𝑖𝑗                                          (2-5) 
ℎ =  𝐶𝑝𝑇                                                              (2-6) 
The governing equations are a coupled system of non-linear partial differential equations containing 
five equations for six unknown flow-field variables 𝑢, 𝑣, 𝑤, 𝑝, 𝜌, and 𝑇. An additional equation is 
provided by the equation of state for the fluid which couples pressure, density and temperature. 
2.3.3 Turbulence Models 
 
Most of the flows in nature and in industrial systems can be considered as turbulent flows. 
Turbulence describes the random and chaotic motion of viscous fluid flow. Turbulent flows are 
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characterized by fluctuating velocity, pressure and temperature fields. These fluctuations result in 
fluctuation of transport quantities namely the momentum, energy, and species concentration. 
 
Since these fluctuations are of small scale and high frequency, they are computationally too difficult 
and expensive to simulate directly in practical engineering applications. Therefore, the instantaneous 
(exact) governing equations are generally time-averaged, ensemble-averaged, or otherwise 
manipulated to remove the resolution of small scales, thereby resulting in a modified set of 
equations that are computationally less intensive to solve. However, the modified equations contain 
additional unknown variables which need to be modeled. Therefore turbulence models are needed 
to determine these variables in terms of known quantities [17]. 
 
The k-kl-ω transition model is used to predict the onset of transition in boundary layer flow. This 
model can be used effectively to predict the transition of boundary layer flow from laminar to 
turbulent regime. It is a three-equation eddy-viscosity type turbulence model. The three transport 
equations for turbulent kinetic energy (𝑘𝜕), laminar kinetic energy (𝑘𝐿) and inverse turbulence time 
scale (ω) are as follows: 
𝐷𝑘𝑇
𝐷t
= 𝑃𝑘𝑇 + 𝑅 + 𝑅𝑁𝑁𝜕 − 𝜔𝑘𝜕 − 𝐷𝜕 + 𝜕𝜕𝑥𝑗 ��𝑣 + ∝𝑇∝𝑘� 𝜕𝑘𝑇𝜕𝑥𝑗�                        (2-7) 
𝐷𝑘𝐿
𝐷t
= 𝑃𝑘𝐿 + 𝑅 + 𝑅𝑁𝑁𝜕 − 𝐷𝐿 + 𝜕𝜕𝑥𝑗 �𝑣 𝜕𝑘𝐿𝜕𝑥𝑗�                                    (2-8) 
𝐷ω
𝐷t
= 𝐶𝜔1 𝜔𝑘𝑇 𝑃𝑘𝑇 + �𝐶𝜔𝜔𝑓𝑊 − 1� 𝜔𝑘𝑇 (𝑅 + 𝑅𝑁𝑁𝜕) − 𝐶𝜔2𝜔2 + 𝐶𝜔3𝑓𝜔𝛼𝜕𝑓𝑊2 �𝑘𝑇𝑑3 + 𝜕𝜕𝑥𝑗 ��𝑣 + ∝𝑇∝𝑘� 𝜕ω𝜕𝑥𝑗�                        
(2-9) 
The turbulent and laminar fluctuations are included in the momentum and energy equations via the 
eddy viscosity and total thermal diffusivity: 
−𝑢𝑖𝑢𝑗 = 𝑣𝜕𝑇𝜕 �𝜕𝑈𝑖𝜕𝑥𝑗 + 𝜕𝑈𝑗𝜕𝑥𝑖� − 23 𝑘𝜕𝑇𝜕𝛿𝑖𝑗                                    (2-10) 
−𝑢𝑖𝜃 = 𝛼𝜃,𝜕𝑇𝜕 𝜕𝜃𝜕𝑥𝑖                                                     (2-11) 
The effective length is defined as: 
𝜆𝑓𝑓𝑓 = 𝑀𝑀𝑀(𝐶𝜆𝑑,  𝜆𝜕)                                                   (2-12) 
where 𝜆𝜕  is the turbulent length scale and is defined by 
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𝜆𝜕 = √𝑘𝜔                                                              (2-13) 
and the small scale energy is defined by: 
𝑘𝜕,𝑓 = 𝑓𝑓𝑓𝑓𝑊𝑘𝜕                                                         (2-14) 
𝑓𝑊 = 𝜆𝑒𝑒𝑒𝜆𝑇                                                              (2-15) 
𝑓𝑓𝑓 = 𝑒𝑒𝑝 �− �𝐶𝑠𝑠𝑣𝑣𝑘𝑇 �2�                                                    (2-16) 
The large scale energy is given by: 
𝑘𝜕,𝑙 = 𝑘𝜕 − 𝑘𝜕,𝑓                                                         (2-17) 
The turbulence production term generated by turbulent fluctuations is given by: 
𝑃𝑘𝑇 = 𝑣𝜕,𝑓𝑆2                                                         (2-18) 
where 𝑣𝜕,𝑓 is the small-scale turbulent viscosity: 
𝑣𝜕,𝑓 = 𝑓𝑣𝑓𝐼𝑁𝜕𝐶𝜇�𝑘𝜕,𝑓𝜆𝑓𝑓𝑓                                                (2-19) 
and 
𝐶𝜇 = 1𝑁𝑜+𝑁𝑠(𝑆/𝜔)                                                      (2-20) 
𝑓𝑣 = 1 − 𝑒𝑒𝑝�−�𝑅𝑒𝑇,𝑠𝑁𝑣 �                                               (2-21) 
A damping function defining the turbulent production due to intermittency is given by: 
𝑓𝐼𝑁𝜕 = 𝑀𝑀𝑀 � 𝑘𝐿𝐶𝐼𝑁𝑇𝑘𝑇𝑇𝑇 , 1�                                              (2-22) 
𝑅𝑓𝑇,𝑠 = 𝑓𝑊2 𝑘𝑇𝑣𝜔                                                          (2-23) 
𝑃𝑘𝐿  is the production of laminar kinetic energy by large scale turbulent fluctuations: 
𝑃𝑘𝐿 = 𝑣𝜕,𝑙𝑆2                                                      (2-24) 
The large-scale turbulent viscosity 𝑣𝜕,𝑙 is modeled as: 
𝑣𝜕,𝑙 = 𝑀𝑀𝑀 �𝑣𝜕,𝑙∗ , 0.5�𝑘𝐿+𝑘𝑇,𝐿�𝑓 �                                           (2-25) 
where 
𝑣𝜕,𝑙∗ = 𝑓𝜏,1𝐶11 �𝑣𝜆𝑒𝑒𝑒2𝑣 ��𝑓𝜕,1𝜆𝑓𝑓𝑓 + 𝛽𝜕𝑆𝐶12𝜙𝑁𝑁𝜕𝑑𝑣2                             (2-26) 
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2.3.4 Discretization Methods 
 
The governing equations together with boundary and initial conditions are sufficient to obtain a 
unique solution to the flow field problem. However, the governing equations are partial differential 
equations with strong non-linearity. They cannot be solved analytically except for some trivial cases. 
CFD is used to solve the equations in discretized form on a computer. 
 
The approach is to discretize the PDEs into algebraic equations and use suitable iterative numerical 
methods on a mesh to calculate the solution of the algebraic equations for flow variables. The choice 
of a suitable numerical algorithm depends on the nature of the governing equation - whether it is 
hyperbolic, elliptic or parabolic. 
 
In addition, the discretization methods can be classified as finite volume method (FEM), finite 
element method (FEM), finite difference method (FDM), spectral element method, boundary 
element method, etc. In our study, we employ the finite-volume method.  
 
The finite volume method (FVM) is the most widely used approach in majority of CFD codes. It is 
good at handling issues of memory usage and solution speed, especially for large problems involving 
high Reynolds number turbulent flows, or source term dominated flows (like in combustion). In the 
FVM method, the governing partial differential equations - the Navier-Stokes equations, the mass 
and energy conservation equations, and the turbulence model equations are recast in a conservation 
form shown in Equation (2-27). Then they are solved over discrete control volumes (meshes). This 
guarantees the conservation of fluxes in every cell (control volume). Thus, every equation for a 
control volume can be written as: 
∂
∂t
∭𝑄𝑑𝑄 + ∬𝐹𝑑𝐹 = 0                                              (2-27) 
where 𝑄 is the vector of conserved variables, 𝐹 is the flux vector, 𝑑𝑄 is the volume of the cell, and 
𝑑𝐹 is the surface area of the cell. 
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2.3.5 Description of CFD Solver ANSYS Fluent 
 
The Navier-Stokes (NS) equations are solved using the commercial code ANSYS FLUENT, a 
widely used commercial finite-volume method (FVM) based software in computational fluid 
dynamics (CFD). It is employed to compute the dynamic properties such as wall shear stress, 
velocity and pressure distributions of flow filed. It is a general-purpose CFD code based on the 
finite volume method on a collocated grid [17], which is capable of solving steady and unsteady 
incompressible and compressible, Newtonian and Non-Newtonian flows. ANSYS Fluent also 
provides several zero-, one-, and two- equation turbulence models. 
 
ICEM CFD is a pre-processing software used to build geometric models and to generate grids 
around those models. It allows users to either create their own geometry or to import geometry 
from most CAD packages. It can also automatically mesh surfaces and volumes while allowing the 
user to control the mesh through the use of sizing functions and boundary layer meshing. It can 
generate structured, unstructured and hybrid meshes depending upon the application. 
 
2.4 Shape Parameterization 
 
Shape parameterization is a procedure that uses a set of parameters to construct 2D and 3D 
geometries. In this dissertation we employ shape parameterization to define the centerlines of the 
BT shunts and AV fistulas. 
 
For this purpose, Bezier curves are used. A Bezier curve is a parametric curve widely used in 
computer graphics and related fields. It was originally developed by Dr. Pierre Bezier in the 1970's 
[18]. A Bezier curve is defined by a set of control points P0, P1, P2, P3, ..., Pn, which uniquely 
determined the shape of a specific curve. Bezier curves of any degree can be defined. A degree n 
Bezier curve has n+1 control points whose blending functions are denoted by 𝐵𝑖𝑓(𝑡) 
 
Where 
𝐵𝑖
𝑓(𝑡) = �𝑛𝑖 � (1 − 𝑡)𝑓−𝑖𝑡𝑖 , 𝑖 = 0, 1, … ,𝑛.                              (2-28) 
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The equation of a Bezier curve is given by: 
𝑃(𝑡) = ∑ �𝑛𝑖 �𝑓𝑖=0 (1 − 𝑡)𝑓−𝑖𝑡𝑖𝑃𝑖                                   (2-29) 
Figure 2.6 shows sample Bezier curves of degree one through four [19]. 
 
 
Figure 2.6 Bezier curves of various degrees 
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Chapter 3  Optimization Results for BT Shunt 
 
3.1 Overview 
 
Complex congenital heart disease often requires surgical repair in the neonatal period, and shunts are 
centrally important for these operations [3]. Unfortunately, there are no endothelialized conduits 
available for this reconstruction, and plastic vascular grafts must be used which result in areas of 
non-physiologic flow in the grafts leading to risk of stenosis (blocked area) and thrombosis. The 
mortality rate for patients after the implementation of a modified BT shunt is 5-19% with shunt 
thrombosis thought to be a leading cause of the mortality [5]. In a 1991 paper, Malek, Alper and 
Izumo found that wall shear stress (WSS) higher than 10 to 70 dynes/cm2 may provoke endothelial 
cells cleavage and “high-shear” induced thrombosis [6], which will lead to the malfunction of the BT 
shunt. The goal of this study is to analyze the hemodynamics of a number of BT shunts by 
numerical simulation to determine the best possible configuration to minimize the WSS. First, 
numerical simulation of blood flow inside four types of BT shunts in use is conducted using 
commercial Computational Fluid Dynamics (CFD) software FLUENT. In order to best represent 
the characterization of blood flow from heart through stenosis, the density of 1030 kg/m3 and 
viscosity of 0.00255 kg/ms are chosen in the calculation [20]. Because large WSS leads to the 
formation of stenosis, Hoganson's BT shunt which has minimum WSS is selected which is input 
into the optimization solver. A k-kl-omega turbulence model is employed in all cases. In order to 
test under the same conditions, a fixed boundary condition is used during the optimization process. 
Computations for nine generations of the selected BT shunt are obtained from genetic algorithm 
solver. An optimized curvature distribution is obtained from the optimization solver and is applied 
in all four types of BT shunts. The optimized BT shunts decrease the maximum WSS by 6.26% to 
22.99% compared to the original shunts, thereby decreasing the possibility of the formation of shunt 
thrombosis. Thus, the probability of the formation of stenosis in BT shunt and mortality rate for 
patients after the placement of a modified (optimized) BT shunt can be decreased. 
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3.2 Analysis of Four Types of BT Shunts Currently in 
Use 
 
A computational fluid dynamics (CFD) model for four types of BT shunt is developed. Because the 
BT shunt is symmetric in the middle plane, half of the geometry is used in the CFD simulation. To 
validate the accuracy of computational data, the results from CFD simulations were compared with 
the clinical data by Dr. Hoganson of Boston Children’s Hospital. The geometry information and 
boundary conditions were provided also by Dr. Hoganson from actual patients. 
 
The geometries of all the cases were developed using 3D solid modeling software CREO Parametric 
2.0. The dimensions of the four BT shunts come from four patients collected by Dr. Hoganson. 
ICEM CFD meshing software is a pre-processing software included in the ANSYS Inc. package. It 
can generate both structured and unstructured meshes. In this thesis, ICEM CFD is utilized to build 
and mesh the geometry for ANSYS Fluent to compute the flow field. Refined mesh is employed for 
the whole geometry to achieve better accuracy. Inflation method is employed to generate a dense 
and structured mesh in the wall region to accurately capture the velocity, pressure gradients and 
WSS. A total of 2,939,223 cells are generated for CFD simulation. 
 
In order to best represent the characterizations of blood flow from heart through stenosis, the 
density of 1030 kg/m3 and viscosity of 0.00255 kg/ms are chosen in the calculation. The flow can be 
assumed to be laminar and fully developed from upstream of the valve [20]. A velocity is given at 
inlet boundary and a pressure is constrained at the outlet side. Pressure-velocity coupling in 
incompressible flow is treated using COUPLED scheme. The Second-order upwind scheme is 
employed for solving momentum and turbulent kinetic energy equations. Residuals for continuity, 
velocities in x/y directions and kinetic energy of turbulence are set to be of 10-6. For each unsteady 
case, there is a monitor recording data for each time step [21].  
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3.2.1 Hoganson’s BT Shunt 
 
Figure 3.1 shows the geometry of the Hoganson’s BT shunt. Figures 3.2, 3.3 and 3.4 give overall and 
zoom-in views of the details of the mesh. Figures 3.5, 3.6 and 3.7 show the front and isometric 
views of the WSS distribution. Figure 3.8 presents the streamlines on the symmetry surface colored 
by velocity magnitude. Figure 3.8 also depicts the velocity profiles of the flow at different cross 
sections of the BT shunt. 
 
The boundary conditions applied in the simulation are as follows: 
1. The inlet volume flow 1 - 1563 ml/min. 
2. Outlet volume flow 2 - 155 ml/min. 
3. Static pressure 3 (representing left pulmonary artery (LPA)) - 15 mmHg. 
4. Static pressure 4 (representing right pulmonary artery (RPA)) - 16 mmHg. 
 
 
Figure 3.1 Geometry of the Hoganson’s BT Shunt 
1 
2 
3 4 
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Figure 3.2 Mesh inside the Hoganson’s BT Shunt 
 
 
Figure 3.3 Detailed View of Mesh in the Upper Connection Area 
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Figure 3.4 Detailed View of Mesh in the Lower Connection Area 
 
 
Figure 3.5 Front View of WSS Distribution inside the Hoganson’s BT Shunt 
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Figure 3.6 Isometric View of WSS Distribution inside the Hoganson’s BT Shunt 
 
   
Figure 3.7 Isometric View of WSS Distribution inside the Hoganson’s BT Shunt 
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Figure 3.8 Streamlines inside the Hoganson’s BT Shunt and Velocity Profiles at Different Cross Sections 
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3.2.2 Joanna Jolly’s BT Shunt 
 
Figure 3.9 shows the geometry of the Joanna Jolly’s BT shunt. Figures 3.10, 3.11 and 3.12 give 
overall and zoom-in views of the details of the mesh. Figures 3.13, 3.14 and 3.15 show the front and 
isometric views of the WSS distribution. Figure 3.16 presents the streamlines on the symmetry 
surface colored by the velocity magnitude. Figure 3.16 also depicts the velocity profiles of the flow 
at different cross sections of the BT shunt. 
 
The boundary conditions applied in the simulation are as follows: 
1. The inlet volume flow 1 - 1298 ml/min. 
2. Outlet volume flow 2 - 118 ml/min. 
3. Static pressure 3 (representing left pulmonary artery (LPA)) - 15 mmHg. 
4. Static pressure 4 (representing right pulmonary artery (RPA)) - 15 mmHg. 
 
Figure 3.9 Geometry of the Joanna Jolly’s BT Shunt 
  
1 
2 
3 4 
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Figure 3.10 Mesh inside the Joanna Jolly’s BT Shunt 
 
 
Figure 3.11 Detailed View of the Mesh at the Upper Connection Area 
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Figure 3.12 Detailed View of the Mesh at the Lower Connection Area 
 
 
Figure 3.13 Front View of the WSS Distribution inside the Joanna Jolly’s BT Shunt  
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Figure 3.14 Isometric View of the WSS Distribution inside the Joanna Jolly’s BT Shunt 
  
 
Figure 3.15 Isometric View of the WSS Distribution inside the Joanna Jolly’s BT Shunt 
 
 28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 Streamlines inside the Joanna Jolly’s BT Shunt and Velocity Profiles at Different Cross Sections 
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3.2.3 Levi Legan’s BT Shunt 
 
Figure 3.17 shows the geometry of the Levi Legan’s BT shunt. Figures 3.18, 3.19 and 3.20 give 
overall and zoom-in views of the details of the mesh. Figures 3.21, 3.22 and 3.23 show the front and 
isometric views of WSS distribution. Figure 3.24 presents the streamlines on the symmetry surface 
colored by velocity magnitude. Figure 3.24 also depicts the velocity profiles of the flow at different 
cross sections of the BT shunt. 
 
The boundary conditions applied in the simulation are as follows: 
1. The inlet volume flow 1 - 1653 ml/min. 
2. Outlet volume flow 2 - 155 ml/min. 
3. Static pressure 3 (representing left pulmonary artery (LPA)) - 15 mmHg. 
4. Static pressure 4 (representing right pulmonary artery (RPA)) - 15 mmHg. 
 
Figure 3.17 Geometry of the Levi Legan’s BT Shunt 
1 
2 
3 4 
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Figure 3.18 Mesh inside the Levi Legan’s BT Shunt 
 
  
Figure 3.19 Detailed View of the Mesh at the Upper Connection Area 
 31 
 
  
Figure 3.20 Detailed View of the Mesh at the Lower Connection Area 
  
 
Figure 3.21 Front View of WSS Distribution inside the Levi Legan’s BT Shunt 
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Figure 3.22 Isometric View of WSS Distribution inside the Levi Legan’s BT Shunt 
  
 
Figure 3.23 Isometric View of WSS Distribution inside the Levi Legan’s BT Shunt 
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Figure 3.24 Streamlines inside the Levi Legan’s BT Shunt and Velocity Profiles at Different Cross Sections 
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3.2.4 Kaitlyn Staiger’s BT Shunt 
 
Figure 3.25 shows the geometry of Kaitlyn Staiger’s BT shunt. Figures 3.26, 3.27 and 3.28 give 
overall and zoom-in views of the details of the mesh. Figures 3.29, 3.30 and 3.31 show the front and 
isometric views of WSS distribution. Figure 3.32 presents the streamlines on the symmetry surface 
colored by velocity magnitude. Figure 3.32 also depicts the velocity profiles of the flow at different 
cross sections of the BT shunt. 
 
The boundary conditions applied in the simulation are as follows: 
1. The inlet volume flow 1 - 1303 ml/min. 
2. Outlet volume flow 2 - 105 ml/min. 
3. Static pressure 3 (representing left pulmonary artery (LPA)) - 12 mmHg. 
4. Static pressure 4 (representing right pulmonary artery (RPA)) - 12 mmHg. 
 
 
 
Figure 3.25 Geometry of the Kaitlyn Staiger’s BT Shunt 
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2 
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Figure 3.26 Mesh inside the Kaitlyn Staiger’s BT Shunt 
 
 
Figure 3.27 Detailed View of the Mesh at the Upper Connection Area 
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Figure 3.28 Detailed View of the Mesh at the Lower Connection Area 
  
 
Figure 3.29 Front View of the WSS Distribution inside the Kaitlyn Staiger’s BT Shunt 
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Figure 3.30 Isometric View of the WSS Distribution inside the Kaitlyn Staiger’s BT Shunt 
  
 
Figure 3.31 Isometric View of the WSS Distribution inside the Kaitlyn Staiger’s BT Shunt 
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Figure 3.32 Streamlines inside the Kaitlyn Staiger’s BT Shunt and Velocity Profiles at Different Cross Sections 
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3.2.5 Comparison of the Results for Four BT Shunts 
 
The maximum WSS for each BT shunt is obtained from numerical simulation results using ANSYS 
Fluent software. The maximum WSS for the four BT shunts described above is are shown in Table 
3-1. 
 
Table 3-1 Comparison of the Maximum WSS on Shunt Wall in Four BT Shunts (dynes/cm2) 
 
BT Shunt Max WSS Average WSS 
Hoganson 1502 130 
Joanna Jolly 3145 242 
Kaitlyn Staiger 2036 194 
Levi Legan 1452 253 
 
From Table 3-1, it is clear that both the maximum and the average WSS for the Hoganson’s BT 
shunt are the smallest. Thus, the Hoganson’s BT shunt is selected as the input for creating first 
generation for the Genetic Algorithm based optimizer for minimizing the maximum WSS. 
 
3.3 Shape Optimization of BT Shunts Using GA 
 
Genetic Algorithms in computer science field of artificial intelligence employ a computer to mimic 
the process of natural selection. In this study, a single-objective genetic algorithm (SOGA) is 
employed to change the curvature of the centerlines of the BT shunts to minimize the maximum 
WSS inside them. SOGA based optimization process to achieve an optimization objective has been 
described in section 2.2. The GA based optimizer is run for nine generations when it converges to a 
minimum value of the maximum WSS inside the BT shunt. The WSS in different generations of 
SOGA are given in the Table 3-2 and are illustrated in Figures 3.33 – 3.41. 
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Table 3-2 Maximum and Average WSS on Shunt Wall and in the Entire Geometry of the Hoganson’s BT Shunt 
 
Generation # 
WSS on Shunt Wall 
(dynes/cm2) 
WSS in Entire Geometry 
(dynes/cm2) 
Max Average Max Average 
1 1502.3 187.2 5052.9 129.7 
2 1494.3 190.0 5038.5 126.5 
3 1538.8 184.5 5073.2 121.7 
4 1380.9 174.7 4557.8 116.2 
5 1410.2 179.0 2916.7 120.0 
6 1370.2 170.5 4628.4 120.3 
7 1407.7 173.3 4594.4 120.1 
8 1467.5 174.2 4591.0 121.1 
9 1396.8 172.8 4551.6 119.2 
 
 
Figure 3.33 WSS Distribution inside the Hoganson’s BT Shunt in Generation 1 
  
 41 
 
 
Figure 3.34 WSS Distribution inside the Hoganson’s BT Shunt in Generation 2 
  
 
 
Figure 3.35 WSS Distribution inside the Hoganson’s BT Shunt in Generation 3 
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Figure 3.36 WSS Distribution inside the Hoganson’s BT Shunt in Generation 4 
  
 
 
Figure 3.37 WSS Distribution inside the Hoganson’s BT Shunt in Generation 5 
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Figure 3.38 WSS Distribution inside the Hoganson’s BT Shunt in Generation 6 
  
 
 
Figure 3.39 WSS Distribution inside the Hoganson’s BT Shunt in Generation 7 
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Figure 3.40 WSS Distribution inside the Hoganson’s BT Shunt in Generation 8 
  
 
Figure 3.41 WSS Distribution inside the Hoganson’s BT Shunt in Generation 9 
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3.4 Results and Validations 
 
From the optimization results in section 3.3, it can be seen that the newly generated shape in 
Generation 6 of SOGA gives the best minimum value for maximum WSS inside the BT shunt. The 
maximum WSS in the optimized shape has decreased by 8.79% compared to that in the first 
generation. Curvature distribution of the centerline of the BT shunt for the original case and the 
optimized case are shown in Figure 3.42. The x-coordinate in Figure 3.42 is the ratio of the x-
coordinate of the point to the total length of the chord of the centerline (the straight line between 
the entrance point to exit point of the shunt). Table 3-3 shows the detailed curvature distribution of 
the optimized centerline of the BT shunt. 
 
 
 
Figure 3.42 Curvature Distribution of the Centerline of the Original and Optimized Hoganson’s BT Shunts 
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Table 3-3 Curvature Distribution of the Centerline of Optimized Hoganson’s BT Shunt 
 
Length/Chord 
Ratio 
Curvature 
Value 
Length/Chord 
Ratio 
Curvature 
Value 
0 0.074215 0.516664 0.044675 
0.021225 0.073991 0.538143 0.04646 
0.042238 0.072925 0.55943 0.0486 
0.063122 0.071152 0.580506 0.051106 
0.083946 0.068835 0.601361 0.05398 
0.10477 0.066143 0.621985 0.057213 
0.125641 0.063238 0.642378 0.060779 
0.146598 0.060261 0.662549 0.064627 
0.167667 0.057325 0.682505 0.068672 
0.188867 0.054519 0.702273 0.072789 
0.210207 0.051906 0.721889 0.076806 
0.23169 0.04953 0.741399 0.080508 
0.253313 0.047418 0.76086 0.083643 
0.275064 0.045586 0.780346 0.085946 
0.296931 0.044041 0.799939 0.087171 
0.318893 0.042785 0.819738 0.087131 
0.34093 0.041818 0.839849 0.085732 
0.363016 0.04114 0.860391 0.082998 
0.385125 0.040749 0.88149 0.079068 
0.407229 0.040648 0.903276 0.074176 
0.429299 0.040838 0.925885 0.068614 
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0.451305 0.041327 0.949452 0.062683 
0.47322 0.042121 0.974112 0.056661 
0.495015 0.043233 1 0.050773 
 
In order to evaluate the effectiveness of the optimized Hoganson’s BT shunt shape, the optimized 
centerline curvature distribution is applied to the Joanna Jolly, Levi Legan, and Kaitlyn Staiger’s BT 
shunts. The optimization results are listed in Table 3-4 and are shown in Figures 3.43 - 3.45. It is 
clear that the optimized centerline curvature distribution for the Hoganson’s BT shunt has 
effectively reduced the maximum WSS for all the four BT shunts and thus may reduce the possibility 
of formation of stenosis inside the BT shunts. 
 
Table 3-4 Comparison of the Results for the Original and Optimized Joanna Jolly, Levi Legan, and Kaitlyn 
Staiger’s BT Shunts 
 
BT Shunt 
Original Optimized 
Reduction in 
Max WSS 
Max WSS Average WSS Max WSS 
Average 
WSS 
Hoganson 1502 130 1370 120 8.79% 
Joanna Jolly 3145 242 2948 249 6.26% 
Kaitlyn Staiger 2036 194 1568 175 22.99% 
Levi Legan 1452 253 1274 94 12.25% 
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Figure 3.43 WSS inside the Optimized Joanna Jolly’s BT Shunt 
  
 
 
Figure 3.44 WSS inside the Optimized Kaitlyn Staiger’s BT Shunt 
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Figure 3.45 WSS inside the Optimized Levi Legan’s BT Shunt 
  
 
3.5 Conclusions 
 
An optimized BT shunt has been developed by performing CFD simulations in conjunction with a 
genetic algorithm. CFD simulations for four types of BT shunt were performed based on 
information from four patients. A total of nine generations were generated for the SOGA based 
optimizer to achieve convergence. The curvature distribution for the centerline of the optimized BT 
shunt was obtained. The maximum WSS in optimized Hoganson’s BT shunt was 1370.2 dynes/cm2 
while the maximum WSS in the original Hoganson’s BT shunt was 1502.3 dynes/cm2. The 
optimized centerline distribution was then applied to all four BT shunts; the optimized BT shunts 
had reduction in the maximum WSS from 6.26% to 22.99% compared to the original shunts. The 
reduction in maximum WSS should help in reducing the possibility of the formation of shunt 
thrombosis. Therefore the use of optimized BT shunts is recommended to physicians for use in 
clinical practice. 
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Chapter 4  Numerical Simulation and 
Optimization of  Arteriovenous Fistula 
(Anastomoses) 
 
4.1 Overview 
 
Arteriovenous (AV) fistula is one type of vascular access which is a surgically created vein used to 
remove and return blood during hemodialysis [22]. It is a long-term treatment for kidney failure. 
Although clinical treatment and technology have both achieved great improvements in recent years, 
the vascular access for hemodialysis still has significant early failure rates after the insertion of AV 
fistula in patients [23]. Studies have shown that stenosis in the vascular access circuit is the single 
major cause for access morbidity. Majority of efforts to understand the mechanisms of stenosis 
formation, and its prevention and management have largely focused on understanding and managing 
this complication based on the pathophysiology, tissue histology and molecular biology; however 
these efforts have not resulted in significant progress to date. We believe that the major impact in 
this area will come from continued and accurate understanding of the hemodynamics, and by 
development of techniques of intervention to modulate factors such as flow rates, pressures and 
compliance of the circuit.  
 
The goal of this part of the thesis is to study anastomotic models of AV access using Computational 
Fluid Dynamics (CFD) and optimize them to minimize the maximum wall shear stress (WSS) on the 
wall of fistulas. In order to achieve this goal, the commercial CFD software ANSYS Fluent [24] is 
employed in conjunction with a single-objective genetic algorithm (SOGA). Computations for two 
types of AV fistulas currently in use in clinical practice are performed. An AV fistula is defined by 
the anastomosis angle and two diameters (the diameter of the horizontal tube/the diameter of the 
anastomotic tube). AV fistulas with 25° angle/3-4mm diameter and 90° angle/3-5mm diameter are 
selected to conduct the optimization. A single-objective genetic algorithm is employed in the 
optimization process. A k-kl-ω turbulence model is employed in CFD simulations; this model can 
accurately compute transitional/turbulent flows. In order to optimize for the same flow conditions, 
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a fixed boundary condition is used during the optimization process. Computations for 16 to 20 
generations of SOGA for two selected AV fistulas are performed using the genetic algorithm based 
optimizer. It is known in this chapter that the maximum WSS in the two AV fistulas considered are 
6997.8 and 7750 dynes/cm2; however, the maximum WSS in the shape-optimized AV fistulas are 
reduced to 3511.2 and 4293.9 dynes/cm2 respectively; thus they have decreased by 49.82% and 
44.59% respectively. Thus, the probability of the formation of stenosis in AV fistulas and early 
failure rates of vascular access can be reduced by using the optimized AV fistulas. 
 
4.2 Analysis of Two Types of Anastomotic 
Geometries 
 
A computational fluid dynamics (CFD) model for two types of anastomotic geometries is 
developed. Since the anastomotic geometry is symmetric in the middle plane, half of the geometry is 
used in the CFD simulation. The geometry information, boundary conditions and flow rates have 
been provided by Dr. Shenoy from of Washington University School of Medicine.  
4.2.1 Anastomoses with 15° - 30° Angles and 3-5 mm Diameters 
 
For the first type of anastomosis, the angle and the diameter of the fistula wall have a significant 
effect on the maximum WSS, blood pressure and blood flow rate. For the first type of AV fistula, a 
total of nine cases with angles of 15°, 25°, 30° and diameters of 3-3mm, 3-4mm, and 3-5mm are 
created. A dense refined mesh is generated using ICEM CFD. Because of “no-slip” boundary, the 
velocity of flow is zero at the vessel wall which makes the velocity gradient and the shear stress near 
the wall very large. Therefore, the density of mesh near the wall is increased to resolve the high 
gradient in velocity in order to accurately calculate WSS. In order to better capture the velocity, 
pressure gradients and WSS near the wall, inflation method is applied to generate dense structured 
mesh near the wall. The mesh for anastomosis with 25°/3-4mm contains a total of 642,490 cells. 
 
The fluid properties used in computation are the density of 1030 kg/m3 and viscosity of 0.00255 
kg/ms for mimicking blood. The fluid is assumed to be Newtonian which is a good approximation 
given the diameter of the fistula. A total of nine cases are computed to obtain an approximate trend 
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of optimal curvature distribution for minimizing the WSS. A k-kl-ω turbulence model is employed in 
all cases. The computation results are shown in Figures 4.1 - 4.9. 
 
The boundary conditions applied in the simulation are as follows: 
1. Static pressure at artery inlet - 90 mmHg. 
2. Velocity magnitude at artery outlet - 0.117845 m/s. 
3. Static pressure at vein outlet - 10 mmHg. 
4.2.2 Anastomosis with 90° Angle/3-5 mm Diameter 
 
For the second type of AV fistula, the one with angle of 90° and diameters of 3-5 mm is modeled. 
Figure 4.10 depicts the geometry, mesh, velocity, pressure and WSS distributions of the anastomosis 
with 90° angle/3-5 mm diameter.  
 
The boundary conditions applied in the simulation are follows: 
1. Static pressure at artery inlet - 90 mmHg. 
2. Velocity magnitude at artery outlet - 0.117845 m/s. 
3. Static pressure at vein outlet - 10 mmHg. 
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Figure 4.1 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 15°/3-3 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.2 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 15°/3-4 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.3 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 15°/3-5 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.4 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 25°/3-3 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.5 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 25°/3-4 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.6 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 25°/3-5 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
 59 
 
 
 
 
 
Figure 4.7 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 30°/3-3 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.8 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 30°/3-4 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.9 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 30°/3-5 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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Figure 4.10 (a) Geometry, (b) Mesh, (c) Pressure, (d) Velocity and  
(e) WSS Distributions inside AV fistula with 90°/3-5 mm 
(a) Geometry (b-1) Mesh 
(b-2) Mesh (c) Pressure Distribution 
(d) Velocity Distribution 
(e) WSS Distribution 
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4.2.3 Comparison of Computed Results 
 
The comparison of computed WSS for all cases of anastomoses is shown in Table 4-1. 
 
Table 4-1 Comparison of the Maximum WSS in the Ten Cases of Anastomoses (dynes/cm2) 
 
Case # Max WSS Average WSS Flow Rate (ml/min) 
15°/3-3mm 3833.6 297.9 348.1 
15°/3-4mm 3879.7 298.0 479.2 
15°/3-5mm 3476.0 294.8 505.1 
25°/3-3mm 6000.7 433.2 342.7 
25°/3-4mm 6997.8 462.0 496.7 
25°/3-5mm 7726.5 410.7 523.0 
30°/3-3mm 6059.5 440.9 345.0 
30°/3-4mm 5996.6 463.3 553.9 
30°/3-5mm 6348.0 443.2 534.2 
90°/3-5mm 7750.0 N/A 957.0 
 
Comparing the first nine cases of AV fistulas in Table 4-1 with 15°, 25°, and 30° anastomosis angle, 
the maximum WSS in all cases with 15° angle and 3-5 mm diameters is relatively small, which means 
that the need to optimize these cases is relatively less important than the other cases. All cases with 
25° and 30° anastomosis angle and 3-5 mm diameters have large maximum WSS including the 90° 
angle anastomosis with 3-5 mm diameter. Furthermore larger the diameter, higher is the blood 
pressure and blood flow rate, which will result in shortage of oxygen and glucose for the arm and 
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may lead to ischemia [25]. In the optimization study, we consider AV fistula with 25°/3-4mm as the 
first type and AV fistula with 90°/3-5 mm as the second type to be optimized for minimizing the 
maximum WSS using the genetic algorithm based optimizer. 
 
4.3 Shape Optimization Results of Anastomosis with 
25° Angle/3-4 mm Diameter 
 
As mentioned before, in this study a single-objective genetic algorithm is employed to change the 
curvature of the anastomosis and thus its shape to minimize the maximum WSS in the AV fistula. 
The optimizer required 20 generations to get a converged solution to obtain an optimized AV fistula 
with 25° angle/3-4 mm diameter. The optimization results at various generations in the application 
of genetic algorithm are given in the Table 4-2 for the first case of anastomosis with 25° angle/3-4 
mm diameter. 
 
Table 4-2 WSS on Fistula Wall for AV Fistula with 25°/3-4 mm at Various Generation of GA 
 
Generation 
Number 
WSS on Fistula Wall 
(dynes/cm2) 
WSS in the Entire 
Geometry of AV Fistula 
(dynes/cm2) 
Flow Rate 
(ml/min) 
Max Average Max Average 
Original 6997.8 N/A 6997.8 462.0 496.7 
1 3920.1 681.6 4073.5 424.6 501.1 
2 3893.8 690.6 3893.8 431.4 508.5 
3 3777.2 690.6 3777.2 424.0 506.4 
4 3707.1 691.0 3707.1 437.2 513.0 
5 3756.7 716.3 3756.7 429.4 501.5 
6 3755.7 674.5 3755.7 434.4 513.6 
7 3578.6 691.2 3578.6 428.9 505.6 
8 3781.9 663.0 3781.9 417.8 553.5 
9 3710.6 634.3 3710.6 411.0 540.1 
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10 3844.7 688.8 3844.7 432.0 507.3 
11 3615.2 705.0 3615.2 429.6 506.2 
12 3604.9 666.9 3604.9 429.0 506.2 
13 3548.9 683.6 3548.9 438.3 508.0 
14 4022.0 663.1 4022.0 431.5 510.0 
15 3511.2 677.1 3511.2 433.3 500.1 
16 3740.4 683.2 4001.6 430.5 506.8 
17 3608.9 679.8 3608.9 433.0 507.7 
18 3862.4 668.3 3862.4 432.9 522.8 
19 3661.2 683.2 3661.2 436.2 502.6 
20 3783.9 685.0 3783.9 433.6 505.1 
 
 
In Table 4-2, the newly generated shape in generation 15 gives the best result. The maximum WSS 
in the optimized shape has been reduced by 49.82% compared to the shape in the first generation. 
Curvature distribution of the centerline of the optimized shape is shown in Figure 4.11. The x-
coordinate in Figure 4.11 is the ratio of the x-coordinate of the point to the total chord length of the 
fistula. Figures 4.12 - 4.16 show the WSS distribution, streamlines and the pressure distributions 
inside the optimized AV fistula with 25°/3-4mm. Figures 4.17 and 4.18 show the WSS contours 
with the top of the scale set at twice the mean WSS in the optimized AV fistula with 25° angle/3-4 
mm diameter. 
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Figure 4.11 Curvature Distribution of the Centerline of the Optimized AV Fistula with 25°/3-4mm 
  
 
Figure 4.12 Front View of the WSS Distribution inside the Optimized AV Fistula with 25°/3-4mm 
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Figure 4.13 Isometric View of the WSS Distribution inside the Optimized AV Fistula with 25°/3-4mm 
  
 
Figure 4.14 Isometric View of the WSS Distribution inside the Optimized AV Fistula with 25°/3-4mm 
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Figure 4.15 Streamlines inside the Optimized AV Fistula with 25°/3-4mm Colored by the Velocity Magnitude 
  
 
Figure 4.16 Pressure Distribution inside the Optimized AV Fistula with 25°/3-4mm 
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Figure 4.17 WSS Contours with Top of the Scale Set at Twice the Mean WSS in the Optimized AV Fistula with 
25°/3-4mm 
  
 
Figure 4.18 WSS Contours with Top of the Scale Set at Twice the Mean WSS in the Optimized AV Fistula with 
25°/3-4mm 
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4.4 Shape Optimization of Anastomosis with 90° 
Angle/3-5 mm Diameter 
 
The optimizer took 16 generations to get a converged solution to obtain an optimized AV fistula 
with 90° angle/3-5 mm diameter. The optimization results at various generations in the application 
of genetic algorithm are given in the Table 4-3 for the second case of anastomosis with 90° angle/3-
5 mm diameter. 
 
Table 4-3 WSS on Fistula Wall for AV Fistula with 90°/3-5 mm at Various Generation of GA 
 
Generation 
Number 
WSS on Fistula Wall 
(dynes/cm2) 
WSS in the Entire Geometry 
of AV Fistula (dynes/cm2) Flow Rate (ml/min) Max Average Max Average 
Original 7750 N/A 7750 N/A 957 
1 4477.6 727.6 4477.6 527.8 594.6 
2 4826.1 752.8 4826.1 546.9 596.6 
3 4993.5 783.5 4993.5 565.9 609.8 
4 4846.0 742.3 4846.0 542.2 606.1 
5 4650.0 731.5 4650.0 546.5 601.5 
6 4504.2 723.5 4504.2 544.9 593.8 
7 4511.5 749.9 4511.5 535.2 584.3 
8 4742.0 719.7 4742.0 549.2 611.3 
9 4795.9 751.4 4795.9 550.9 604.0 
10 4651.3 713.9 4651.3 539.6 610.5 
11 4857.1 761.1 4857.1 550.9 602.5 
12 4299.1 722.8 4299.1 524.5 571.1 
13 4618.5 737.6 4618.5 538.7 597.9 
14 4482.4 757.3 4482.4 540.1 588.4 
15 4293.9 721.7 4293.9 524.1 570.7 
16 4333.5 725.4 4333.5 527.1 574.0 
 
In Table 4-3, the newly generated shape in generation 15 has the best result. The maximum WSS in 
the optimized shape has been reduced by 44.59% compared to the original geometry. The curvature 
distribution of the centerline of the optimized shape is shown in Figure 4.19. The x-coordinate in 
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Figure 4.19 is the ratio of the x-coordinate of the point to the total chord length of the fistula. 
Figures 4.20 - 4.24 show the WSS distribution, streamlines, and the pressure distributions inside the 
optimized AV fistula with 90°/3-5mm. Figures 4.25 and 4.26 show the WSS contours with top of 
the scale set at twice the mean WSS in the optimized AV fistula with 90°/3-5mm. 
 
 
Figure 4.19 Curvature Distribution of the Centerline of the Optimized AV Fistula with 90°/3-5 mm 
  
 
Figure 4.20 Front View of the WSS Distribution inside the Optimized AV Fistula with 90°/3-5mm 
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Figure 4.21 Isometric View of the WSS Distribution inside the Optimized AV Fistula with 90°/3-5mm 
  
 
 
Figure 4.22 Isometric View of the WSS Distribution inside the Optimized AV Fistula with 90°/3-5mm 
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Figure 4.23 Streamlines inside the AV Fistula with 90°/3-5mm Colored by the Velocity Magnitude 
  
 
 
Figure 4.24 Pressure Distribution inside the Optimized AV Fistula with 90°/3-5mm 
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Figure 4.25 WSS Contours with Top of the Scale Set at Twice the Mean WSS in the Optimized AV Fistula with 
90°/3-5mm 
 
 
Figure 4.26 WSS Contours with Top of the Scale Set at Twice the Mean WSS in the Optimized AV Fistula with 
90°/3-5mm 
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4.5 Conclusions 
 
Two optimized AVF shapes have been created by performing CFD simulations in conjunction with 
a single objective genetic algorithm. CFD simulations for two types of AV fistulas are performed by 
solving the Reynolds-Averaged Navier-Stokes (RANS) equations in conjunction with a k-kl-ω 
turbulence model in ANSYS Fluent software. A total of 16 to 20 generations for the genetic 
algorithm are generated for the two AV fistulas to achieve a converged optimal shape. The curvature 
distributions of the centerline of the optimized AV fistulas are obtained. For AV fistula with 25° 
angle/3-4 mm diameter, the maximum WSS in the original shape is 6997.8 dynes/cm2 while the 
maximum WSS in the optimized AV fistula is 3511.2 dynes/cm2. For AV fistula with 90° angle/3-
5mm diameter, the maximum WSS in the optimized shape is 4293.9 dynes/cm2 while the maximum 
WSS in the original AV fistula is 7750 dynes/cm2. The optimized 25° angle/3-4 mm diameter and 
90° angle/3-5mm diameter AV fistulas have reduced the maximum WSS by 49.82% and 44.59% 
respectively compared to the original fistulas for the same flow rate. The optimized shapes therefore 
are likely to decrease the possibility of formation of the thrombosis in AV fistulas. Therefore the use 
of the optimized AV fistulas is recommended for clinical practice in hemodialysis. 
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Chapter 5  Conclusions 
 
 
In this thesis, we have employed a single-objective genetic algorithm (SOGA) to optimize the shapes 
of two extensively used surgical connections (BT shunt and AV fistulas) for cardio and vascular 
reconstructions. The objective was to reduce the maximum wall shear stress (WSS) on the 
shunt/fistula walls which is the single major cause of stenosis (blocked area) in the BT shunt or in 
vascular access circuit. The commercially available software ANSYS Fluent was employed to 
calculate the flow field inside the 3D models of BT shunts and AV fistulas by solving the Reynolds-
Averaged Navier-Stokes (RANS) equations. A three equation k-kl-ω transitional turbulence model 
was employed. The blood was assumed as a Newtonian fluid since the diameter of the BT shunts 
and AV fistulas are in the range of 3 to 5 mm. An optimized centerline curvature distribution for a 
BT shunt and two optimized centerline curvature distributions for AV fistula with 25° angle/3-4 
mm diameter and 90° angle/3-5 mm diameter were obtained. The optimization results show 
significant improvement in reducing the maximum WSS on the shunt and fistula walls. Therefore 
the use of the optimized BT shunt and AV fistulas is recommended for clinical practice in cardio 
reconstruction in pediatric congenital heart disease and hemodialysis respectively. 
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Chapter 6  Future Work 
 
 
1. In order to achieve better optimization results, the population size and generation numbers can be 
increased in the implementation of GA. 
 
2. For the optimization of AV fistulas, a hybrid electrical-fluid model can be developed to represent 
the complete vascular system and to conduct CFD analysis based on the hybrid model. 
 
3. In-Vitro experiments on BT shunts and AV fistulas with optimized curvature distributions should 
be performed to further assess the accuracy of CFD simulations. 
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